The relative contributions of procaryotes and eucaryotes to the degradation of the lignin and polysaccharide components of lignocellulosic detritus in two marine and two freshwater wetland ecosystems were determined. Two independent methods-physical separation of bacteria from fungi and other eucaryotes by size fractionation, and antibiotic treatments-were used to estimate procaryotic and eucaryotic contributions to the degradation of [14C-lignin]lignocelluloses and [14C-polysaccharidellignocelluloses in samples of water and decaying plant material from each environment. Both methods yielded similar results; bacteria were the predominant degraders of lignocellulose in each of the aquatic ecosystems. Fungi and other eucaryotes contributed only minimally to the overall degradation of lignocellulose in both marine ecosystems and in the Okefenokee Swamp but did contribute significantly to the degradation of lignocellulose in the Big Cypress Swamp. These results indicate a basic difference between the microbial degradation of Iignocellulosic material in terrestrial and aquatic environments. Fungi have long been considered the predominant degraders of lignocellulose in terrestrial systems; our results indicate that in aquatic systems bacteria are the predominant degraders of lignocellulose.
The importance of microorganisms as a link between primary and secondary production in detritus-based food webs of aquatic ecosystems has long been recognized (Fenchel and Jorgensen 1977; Odum and de la Cruz 1967; Teal 1962) . The major portion of the organic matter entering detritus-based aquatic ecosystems such as salt marshes, mangrove swamps, and freshwater wetlands is derived from vascular plants, and therefore, consists primarily (7 5-8 5% by wt) of the highly refractory polymeric complex, lignocellulose (Benner et al. 1985; Hodson et al. 1984) . Most aquatic animals do not possess the enzymatic capability to directly utilize lignocellulosic detritus as a carbon and energy source (Kristensen 1972) . Instead, lignocellulolytic bacteria and fungi transform this abundant biopolymer into digestible degradation products and easily assimilable microbial biomass which then are available to animals. Despite the recognized importance of microorganisms to L This work was supported by NSF grants OCE 8 l-17834, BSR 81-14823, andBSR 82-15587. Additional funding was provided from grant NA 80AA-DO0091 from the NOAA Office of Sea Grant. Contribution 536 of the Marine Institute, University of Georgia. Okefenokee Ecosystem Publication, Empirical Ser. 60. the degradation of lignified plant material, there have been few studies of the relative contributions of bacteria and fungi to the degradation of lignocellulosic detritus in aquatic ecosystems.
Studies of the microbial colonization of plant detritus in aquatic environments typically indicate that fungal biomass is highest during the initial weeks of submergence, whereas bacterial biomass is initially low and increases steadily during the decay process (Federle and Vestal 1982; Lee et al. 1980; Suberkropp and Klug 1976) , although in several studies bacteria were found to be the primary colonizers of plant detritus (Morrison et al. 1977; Newell 198 1; Rublee and Roman 1982) . Results of experiments using antibiotics to determine the relative contributions of procaryotes and eucaryotes to the biodegradation of plant material under aquatic conditions also indicate that fungi seem to be relatively more important during the early stages of decomposition, bacteria during the latter stages of decomposition (Kaushick and Hynes 197 1; Mason 1976) . Although these studies did not directly investigate the relative contributions of aquatic fungi and bacteria to the degradation of the lignocellulosic component of the detritus, the results suggest that fungi 89 utilized the less refractory components of the plant material and that bacteria degraded the more refractory, presumably lignocellulosic, components.
Our earlier work on the relative contributions of fungi and bacteria to the degradation of lignocellulosic detritus in salt marsh sediments indicated that bacteria were responsible for most of the mineralization of both the lignin and polysaccharide components of Spartina alterniJlora detritus; moreover, certain salt marsh fungi, commonly believed to be important decomposers of the lignocellulosic component of S. alternzjlora detritus, mediated only very low rates of degradation of the lignin and polysaccharide components of S. alternijlora lignocellulose under aquatic conditions (Benner et al. 1984c ). Benner et al. (1984b) also detected significant anaerobic, presumably bacterial, degradation of the lignin and polysaccharide components of S'. alterniflora in salt marsh sediments. These results suggest that a significant carbon and energy flow from S. alternijlora detritus to the aquatic food web occurs via a bacterial link, and thus this carbon and energy is available only to bacteriovorous animals. The observed dominance of bacteria in the degradation of S. alterniflora lignocellulose in salt marsh sediments is in direct contrast to the fungal dominance of lignocellulose degradation in terrestrial ecosystems (Kirk et al. 1977; Pugh 1974; Witkamp and Ausmus 1976) . We here more thoroughly examine the importance of bacteria to the degradation of lignocellulosic detritus in salt marsh sediments and expand the study to include the investigation of the procaryotic and eucaryotic contributions to the degradation of lignocellulosic detritus in a mangrove swamp, the Okefenokee Swamp, and the Big Cypress Swamp. Specifically radiolabeled [ 14C-lignin]lignocelluloses and [ l4 C-polysaccharidellignocelluloses were prepared from representative plants from each of the four ecosystems: the salt marsh cordgrass, S. alterniflora, the red mangrove, Rhizophora mangle, a sedge from the Okefenokee Swamp, Carex walteriana, and the cypress, Taxodium ascendens (Benner et al. 1984a ). We used two independent methods to investigate the relative contributions of procaryotes and eucaryotes to the biodegradation of lignocellulose in the two marine and two freshwater systems; in all four, bacteria were the predominant degraders of lignocellulose. The relative contribution of fungi and other eucaryotes to the biodegradation of lignocellulose was minimal in marine environments, whereas in freshwater environments, eucaryotes contributed somewhat more significantly to the biodegradation of the lignin and polysaccharide components.
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Materials and methods
Preparation of radiolabeled substrates-
The procedures used to prepare and characterize specifically radiolabeled [l 4 Cpolysaccharidellignocellulose and [ 14C-ligninllignocellulose are described elsewhere (Benner et al. 1984a Research sites and sample collectionDecaying plant material from surface sediments and water were collected from four sources: a salt marsh on Sapelo Island, Georgia; a mangrove swamp on Andros Island, Bahamas; the Okefenokee Swamp in southern Georgia; and the Big Cypress Swamp in southwest Florida. These four aquatic ecosystems were chosen to represent a temperate marine wetland, a tropical marine wetland, a temperate freshwater wetland, and a tropical freshwater wetland. All four are dominated by vascular plants; in the two marine ecosystems species diversity of macrophytes is low, whereas in the two freshwater systems it is much greater. Sediments in the two marine systems have relatively low organic content (5-l 0%); sediments in the two freshwater wetlands are peat-forming. Hydrologic regimes also differ greatly. Both marine systems are subject to diurnal tidal fluctuations, with salinities ranging from 18 to 34?&~ and pH from 7 to 8. In the two freshwater wetlands hydrology is determined primarily by rainfall, which is heaviest during spring and summer. Periodically, usually during winter, the water level subsides below surface sediments, exposing peat directly to the air and thus greatly altering the redox potential. The ambient pH of waters in the Big Cypress Swamp typically ranges from 7 to 8 and from 3.6 to 4.2 in the Okefenokee Swamp.
Pieces of decaying S. alterniflora were collected on Sapelo Island in April and September 1984 at low tide from the surface of sediments of a low salt marsh area dominated by S. alterniJlora. Water (2Oo/oo salinity) was collected from an adjacent tidal creek. Water and mangrove detritus from the Fresh Creek estuary, on the eastern coast of Andros Island, Bahamas, were collected in October 1983 during a cruise aboard the ORV Cape Florida. Submerged, decaying mangrove leaf material and water (2Oo/oo salinity) were collected from a quiet embayment dominated by R. mangle. Okefenokee Swamp samples were collected in March 1984 from Mizell Prairie, a marsh dominated by C. walteriana. Water (pH 3.9) and submerged pieces of decaying C. walteriana lying on the sediment surface were collected. Big Cypress Swamp samples were collected from Corkscrew Swamp Sanctuary in March 1984 from a stand of virgin cypress trees. Water (pH 7.8) and submerged samples of decaying cypress needles and stems lying on the sediment surface were collected. All decaying plant material was collected with the least disturbance possible so as to retain the associated sediments and sediment microflora. All samples were used in experiments within 72 h of collection.
Selection for specific microbial populations -Samples of decaying plant material were first cut into fine pieces (l-2 mm) with a razor blade. This material was homogenized with water (50 : 1 v/v) for 5 min in a blender at low speed, passed through a 63-pm pore-size Nitex screen, and divided into several portions for antibiotic treatment, size fractionation, or both. Candicidin was added directly to a portion of the homogenized samples (100 mg liter-') to inhibit the activity of fungi and other eucaryotes (Lampen 1969; Lewis and Holm 198 1) . Other portions of the homogenized samples were put through a 1.0~pm pore-size Nuclepore filter to remove fungi and other eucaryotes, leaving a natural bacterial population. Candicidin was also added to some of the size-fractionated samples to test its effect on bacterial lignocellulolytic activity. The effectiveness of candicidin for the elimination of fungi was tested by plating O.l-l.O-ml portions of the samples on cornmeal agar containing chloramphenicol (200 mg liter-') to inhibit bacterial growth, and that of size fractionation by direct microscopic examination. Bacteria were enumerated by staining with acridine orange and observing by epifluorescence microscopy (Hobbie et al. 1977) .
Experiments with samples collected in September 1984 from the salt marsh were designed to selectively inhibit bacteria by the addition of antibacterial antibiotics. Chloramphenicol and tetracycline were Table 1 . Fungal colonies (ml-l) from water-detritus homogenates enumerated on cornmeal agar plates containing 0.2 g of chloramphenicol per liter of water collected from each site. Fungi were counted at the end of IO-day incubations (n = 8).
U + C-unfractionated plus candicidin; F-< IFrn size fraction; F + C-< 1 -pm size fraction plus candicidin.
added (100 mg liter-l each) to homogenized samples of decaying S. alterniflora and water. The use of antibacterial antibiotics has been criticized for being inefficient in inhibiting all bacterial activity (Yetka and Wiebe 1974) . To investigate the effectiveness of these antibiotics in inhibiting bacterial lignocellulolytic activity, we also added chloramphenicol and tetracycline to sizefractionated samples.
Lignocellulose degradation experimentsTen-milliliter portions of homogenized water-detritus samples were incubated with 10 mg of radiolabeled lignocellulose in 125-ml milk dilution bottles equipped with gassing ports (Benner et al. 1984a ). The specifically labeled lignocellulose preparation used in each experiment was derived from the same species of plant as the decaying plant material used as the source of inoculum. Bottles were incubated in the dark at 30°C with gentle shaking (100 rpm) and aerated with sterile, humidified air for 15 min every 2 days. Mineralization of the radiolabeled substrates was monitored at each aeration by trapping the evolved [ 14C]carbon dioxide in a series of two scintillation vials containing liquid scintillation medium (Benner et al. 1984a) ; traps were changed after each aeration and radioactivity was measured in a Beckman LS 9000 liquid scintillation spectrometer. All incubations were done with four replicates. At the end of the experiments, 3 ml from each incubation was filtered through a Gelman filter (0.45-pm pore-size) and the filtrate acidified (pH <2) with 1 N sulfuric acid. Radioactivity in dissolved organic (acid-stable) material was determined by assaying 1 ml of filtrate in Fig. 1 . Effects of the anti-eucaryotic antibiotic, candicidin, and size fractionation on microbial rates of mineralization of specifically radiolabeled lignocellulose (LC) from S. alterniflora in water-detritus homogenates from a salt marsh (April 1984) . Bars represent maximum standard error of the mean for each data set.
10 ml of Scintiverse II (Fisher Sci. Co.) liquid scintillation medium (Benner et al. 1984c ).
The total percentage of lignocellulose that was microbially mineralized during a given incubation period was calculated from the percentages of the lignin and polysaccharide components mineralized and the initial concentrations in each lignocellulose; lignocellulose preparations from S. alterniflora and C. walteriana are 80.0 and 85.5% polysaccharide and 20.0 and 14.4% lignin (Benner et al. 1985) . Lignocellulose preparations from R. mangle leaves and T. ascendens wood are 6 5.7 and 63 .O% polysaccharide and 34.3 and 37 .O% lignin. ,
Results
The effects of candicidin on rates of microbial degradation of lignocellulose in samples of salt marsh water and detritus from Sapelo Island, Georgia, are presented in Fig. 1 . Unfractionated salt marsh samples treated with candicidin had slightly depressed rates of mineralization of the poly- whereas rates of mineralization of the lignin component were not significantly affected. These results indicate that bacteria were responsible for the major portion (88%) of the degradation of lignocellulose in salt marsh samples. The fungicidal efficiency of candicidin was checked by plating 0.5 ml of each sample onto cornmeal agar at the end of the lo-day incubation; plates from the candicidin-treated samples showed no fungal growth, samples that did not receive candicidin did show such growth (Table 1) .
We considered the possibility that candicidin may have affected bacterial metabolism and rates of lignocellulose mineralization even though it is not a specific inhibitor of bacteria (Lampen 1969) . To directly test the effect of candicidin on rates of lignocellulose mineralization by salt marsh bacteria, we isolated a natural population of bacteria by size fractionation (1 .Opm pore-size Nuclepore filter) from salt marsh samples and incubated it with specifically radiolabeled [ 14C]lignocellulose with and without candicidin. Candicidin did not significantly affect the bacterially mediated mineralization of either the lignin or polysaccharide components of lignocellulose (Fig. 1) .
Natural populations of bacteria obtained by size fractionation of salt marsh samples were also used to independently investigate the relative contributions of procaryotes and eucaryotes to the degradation of lignocellulose. Rates of mineralization supported by the isolated natural population of bacteria were similar to the rates supported by unfractionated samples (Fig. 1) . The bacterial fraction supported mineralization of both the polysaccharide and lignin components of S. aZternz>ora lignocellulose at about 75% of the rates supported by unfractionated samples. Thus, results of watersample manipulations in which fungi and other eucaryotes were physically removed by size fractionation indicated that bacteria were responsible for 75% of the lignocellulolytic activity, whereas results of experiments in which the activity of fungi and other eucaryotes was inhibited with the antibiotic, candicidin, indicated that bacteria were responsible for 88% of the lignocellulolytic activity. Size fractionation was effective at removing nearly all fungi from salt marsh samples, although two of the samples had minimal fungal contamination at the end of the lo-day incubation (Table 1) . In addition to removing fungi and other eucaryotes from the microbial assemblages, size fractionation removed > 97% of the native bacteria from the samples (Table 2) . Therefore, the reduced rates of lignocellulose mineralization observed in size-fractionated samples (Fig. 1) may be attributable to the greatly reduced initial number or diversity or both of bacteria in size-fractionated samples relative to the number of bacteria in unfractionated samples.
The relative contributions of procaryotes and eucaryotes to the degradation of mangrove lignocellulose were investigated by size fractionation (1 -pm pore-size Nuclepore filter) of samples from the Fresh Creek estuary on Andros Island, Bahamas. Rates of mineralization of the polysaccharide and lignin components of lignocellulose from mangrove leaves were not significantly (MannWhitney test, P > 0.05) affected by the size-selective removal of fungi and other eucaryotes from these samples (Fig. 2) . Fungi were present in unfractionated samples and absent from size-fractionated samples as indicated by growth on cornmeal agar plates and direct microscopic examination, although we did not count fungi. of the bacteria from the mangrove swamp samples (Table 2) . Initial bacterial numbers in mangrove swamp samples were 30-fold lower than initial bacterial numbers in salt marsh samples.
As for salt marsh samples, both antibiotic and size fractionation studies indicated that lignocellulose degradation-in Carex marshes of the Okefenokee Swamp is mediated primarily by bacteria. The addition of candicidin to size-fractionated samples increased the rate of bacterially mediated mineralization of the polysaccaride component of C. walteriana lignocellulose by 1.7-fold, but did not affect rates of bacterial mineralization of the lignin component (Fig.  3) . We do not know the cause of enhanced bacterial rates of mineralization of the polysaccharide component, but bacterial numbers were higher in all incubations containing candicidin (Table 2) . Unfractionated samples exhibited about the same enhancement (1.6-fold) of rates of mineralization of polysaccharide-labeled lignocellulose in the presence of candicidin as did the bacterial fraction alone, indicating that bacteria were responsible for all of the degradation of the polysaccharide component of lignocellulose in Okefenokee samples. In contrast, rates of mineralization of the lignin component of C. walteriana lignocellulose decreased by 35% (Mann-Whitney test, P < 0.05) in the presence of candicidin indicating that fungi, or other eucaryotes such as protozoans, or both contributed significantly to the degradation of lignin. Fungi were relatively abundant in the acidic samples of water and detritus from the Okefenokee Swamp (Table 1). Preincubation with candicidin dramatically reduced but did not entirely eliminate viable counts of fungi from Okefenokee samples ( Table 1) .
Rates of mineralization of the polysaccharide component of C. walteriana lignocellulose by size-fractionated Okefenokee samples were not significantly lower than rates supported by unfractionated samples (Mann-Whitney test, P > 0.05). However, size-fractionated samples mineralized only 30% as much of the lignin component of C.
walteriana lignocellulose as unfractionated samples (Fig. 3) . Size fractionation was completely effective at removing viable fungi from Okefenokee samples, whereas candicidin treatment alone reduced fungal vi- able counts by 93% (Table  1) . Size fractionation reduced bacterial numbers by 98%, from 1.52 x 1 OS cells ml-' in the unfractionated samples to 2.70 x 1 O6 cells ml-* in size-fractionated samples. Therefore, results obtained using size-fractionated samples may be underestimates of the bacterial contribution to lignocellulose degradation because of the reduced bacterial numbers remaining in size-fractionated samples and the possible removal of bacterial species important to lignocellulose degradation (e.g. species attached to detritus particles).
Unfractionated and size-fractionated samples from the Big Cypress Swamp in southwestern Florida were incubated with specifically radiolabeled lignocellulose from the pond cypress, T. ascendens, in the presence and absence of candicidin. As with the assemblage from Okefenokee, mineralization of the polysaccharide component of lignocellulose by size-fractionated samples from the Big Cypress Swamp was enhanced 1.7-fold in the prescence of candicidin, whereas mineralization of the lignin com- ponent was not affected (Fig. 4) . However, unlike Okefenokee samples, the addition of candicidin to unfractionated samples from the Big Cypress Swamp did not measurably affect rates of mineralization of the polysaccharide component of lignocellulose. If the results from experiments with candicidin in unfractionated samples are interpreted without consideration of the results from experiments with candicidin in sizefractionated samples, bacteria appear to mediate 100% of the polysaccharide mineralization in unfractionated samples. However, since the addition of candicidin to the size-fractionated population of bacteria enhanced rates of polysaccharide mineralization by 1.7-fold, rates of polysaccharide mineralization in unfractionated samples should increase by about 1.7-fold if bacteria were mediating all of the degradation of the polysaccharide component of lignocellulose. This more conservative approach to estimating the bacterial contribution to polysaccharide mineralization suggests that bacteria were mediating about 59% of the polysaccharide degradation. The mineralization of the lignin component in unfractionated samples was not affected by the addition of candicidin, indicating that bacteria were responsible for all of the lignin degradation. Candicidin was effective in inhibiting fungi in Big Cypress Swamp samples (Table 1) Comparison of the rates of mineralization of the two components of cypress lignocellulose in unfractionated samples from the Big Cypress Swamp with rates of mineralization in size-fractionated samples indicated that bacteria were responsible for 56% of the polysaccharide mineralization and 67% of the lignin mineralization (Fig. 4) . Thus, size fractionation experiments yielded more conservative estimates of the bacterial contribution to the degradation of cypress lignocellulose than did those with candicidin.
Size fractionation of samples from the Big Cypress Swamp effectively eliminated fungi (Table 1) ; however, bacterial numbers were also greatly reduced (by 98%) by filtration of samples through l.Opm pore-size Nuclepore filters (Table 2) .
We considered the possibility that the production of dissolved 14C organic material as well as the production of ['4C]carbon dioxide could be affected by the elimination of eucaryotic metabolism by candicidin or size fractionation.
The percentages of radiolabel from the specifically radiolabeled lignocelluloses recovered as dissolved organic material (acid-stable) at the end of incubations with various inocula are presented in Table 3 . As with the production of carbon dioxide, relatively higher percentages of dissolved radiolabel were recovered from incubations with 5'. alterniflora lignocellulose and salt marsh samples.
Incubations that selected for bacterial activity by the addition of candicidin had slightly lower percentages of dissolved radiolabel than untreated samples; incubations that selected for bacterial activity by size fractionation had slightly higher percentages of dissolved radiolabel than those with unfractionated samples, The elimination of eucaryotic activity thus had little effect on the accumulation of dissolved organic material from the lignin and polysaccharide components of lignocelluloses. The production of dissolved organic matter from lignocellulose, both biotic and abiotic, indicates that lignin and polysaccharides contribute significantly to the pool of dissolved material in these aquatic ecosystems.
In the above experiments we investigated the relative contributions of procaryotes and eucaryotes to the degradation of the lignin and polysaccharide components of lignocelluloses by two independent methods of eliminating the activity of fungi and other eucaryotes. It is not possible to select a natural population of fungi by size fractionation without including some bacteria, and the use of antibacterial antibiotics with natural assemblages of bacteria may not effectively eliminate all bacterial activity (Yetka and Wiebe 1974) . However, if bacteria are responsible for almost all of the lignocellulolytic activity in salt marsh samples, as indicated from the experiments to eliminate eucaryotic activity, it should be possible to significantly reduce rates of mineralization of lignocellulose in salt marsh samples by adding antibacterial antibiotics.
In a separate group of experiments, we added the antibacterial antibiotics chloramphenicol and tetracycline to samples from a salt marsh on Sapelo Island and incubated them with specifically radiolabeled S. alternz$'ora lignocellulose. To check the efficiency of the antibiotics in eliminating bacterial activity, we incubated a sizefractionated natural assemblage of bacteria from salt marsh samples with specifically radiolabeled lignocellulose, with and without chloramaphenicol and tetracycline. The antibiotics eliminated most of the bacterial lignocellulolytic activity; rates of mineralization of both the polysaccharide and lignin components were reduced by 95% (Fig.  5 ). The addition of antibacterial antibiotics to unfractionated samples reduced the rate of mineralization of the polysaccharide component of lignocellulose by 77.5% and that of the lignin component by 79.3%. Comparison of the rates of mineralization by the unfractionated and size-fractionated samples indicated that bacteria were responsible for 100% of the polysaccharide mineralization and 73% of the lignin mineralization.
The overall contributions of bacteria to the mineralization of lignin, polysaccharide, and lignocellulose in samples from all four ecosystems are presented in Table 4 . Bacteria were the predominant. degraders of lignocellulose in all samples. The most significant contribution of eucaryotes (26-40%) to lignocellulose degradation was in Big Cypress Swamp samples with lignocellulose derived from cypress wood. Overall, all three methods-the addition of candicidin, size fractionation, and the addition of chloramphenicol and tetracycline-yielded similar results.
Discussion
The four aquatic ecosystems we investigated represented a broad range of wetland types, including marine and freshwater, temperate and tropical, peat-forming and nonpeat-forming, acidic and alkaline. In each of these diverse environments, bacteria were the predominant degraders of both the lignin and polysaccharide components of lignocellulosic detritus. There appears to be a basic difference between the microbial degradation of lignified plant material in terrestrial and aquatic ecosystems. In terrestrial environments fungi are apparently the major decomposers of lignocellulosic materials (Kirk et al. 1977; Pugh 1974; Witkamp and Ausmus 1976) , in aquatic environments bacteria appear to predominate in the degradation of lignocellulosic detritus. In our two marine systems, the salt marsh and the mangrove swamp, biodegradation of both the lignin and polysaccharide components was almost exclusively bacterial. In the naturally acidic, freshwater Okefenokee Swamp, fungi or other eucaryotes contributed significantly only to lignin biodegradation, whereas in the slightly alkaline, freshwater Big Cypress Swamp, they contributed significantly to the biodegradation of both components.
As in our previous work (Benner et al. 1984a (Benner et al. ,b,c, 1985 Hodson et al. 1984) , the rate of degradation of the polysaccharide component of each lignocellulose was three to five times that of the lignin component. Because polysaccharides are degraded at a higher rate than lignin, lignocellulosic detritus gradually becomes relatively enriched in carbon derived from lignin. Concomitant with the gradual enrichment in lignin-derived carbon, the detritus becomes increasingly recalcitrant to microbial degradation; thus, there is no well defined half-life with respect to the kinetics of lignocellulose transformations (Benner et al. 1984a; Hodson et al. 1984) . Temporal changes in the relative proportions of lignin and polysaccharide may affect the relative contributions of bacteria and fungi to the degradation of lignocellulosic detritus. In the Okefenokee Swamp, fungi appeared to contribute significantly to the degradation of the lignin component; the overall fungal contribution to lignocellulose degradation might be expected to increase with time as the ligninto-polysaccharide ratio in the remaining detritus increases.
Although size fractionation and antibiotic treatments used to determine the relative contributions of procaryotes and eucaryotes to the degradation of lignocellulose yielded similar results, each method has drawbacks. Size fractionation reduces the initial bacterial density in the inocula by up to 50-fold in addition to removing fungi and other eucaryotes; antibiotics are sometimes inefficient in inhibiting target organisms and can affect the metabolism of nontarget organisms. In combination, one method serves as a control for the inadequacies of the other, so that the effects of the antibiotics on bacterial metabolism can be measured directly, and the effects of a reduced bacterial population on total bacterial metabolism in size-fractionated samples can be estimated. Although we can obtain a bacteria-only size fraction via size fractionation, it is not possible to obtain a fungi-only fraction of the population. Therefore, we could not directly measure the effects of the antibiotics on the lignocellulolytic activity of natural fungal populations.
Where the results indicate that bacteria were the predominant degraders of lignocellulose, the interpretation of our experiments is straightforward. In contrast, where size fractionation or antibiotic treatment indicate a substantial involvement of eucaryotes in lignocellulose degradation, more than one interpretation is possible. The natural populations of fungi in our samples may degrade the lignocellulose directly, or protozoans may mediate an indirect effect on bacterial or fungal lignocellulolytic activity. Such indirect effects by animals on rates of other microbial degradative processes have been demonstrated (Fenchel and Harrison 1976; Harrison and Mann 1975; Sherr et al. 1982) . The rates of lignocellulose mineralization determined in our experiments with candicidin or size-fractionated populations may therefore differ to some extent from in situ bacterial rates.
Mineralization and solubilization account for part of the total degradation; some fraction of degraded lignocellulose may also be incorporated into microbial biomass. Preliminary data (unpubl.) indicate that natural populations of aquatic microorganisms incorporate both the lignin and polysaccharide components of lignocellulose with efficiencies in the range of S-20%. Therefore the sum of mineralization and solubilization is a realistic estimate of overall biodegradation. We also considered the possibility that the relative contributions of bacteria or fungi to the biodegradation of lignocellulose could be miscalculated if these microorganisms had very different efficiencies of incorporation of lignocellulose-derived carbon. Very little is known about microbial growth efficiencies on these components. The fungus Phanerochaete chrysosporium, the most prolific degrader of lignified substrates yet isolated, mineralizes the lignin component to carbon dioxide as a secondary metabolic process without incorporation of lignin-derived carbon into fungal biomass (Kirk et al. 1975 ). However, other fungi and bacteria have been reported to use both components of lignocellulose as growth substrates (see Crawford 198 1) . There is as yet no evidence to assume that bacteria and fungi have significantly different incorporation efficiencies. Fungal populations were relatively larger in plant detritus and water from the naturally acidic Okefenokee Swamp than in the other three aquatic ecosystems investigated. Others have found that acidic conditions are favorable to fungal growth and activity (Traaen 1980; Hall et al. 1980) . The acidic conditions in the Okefenokee Swamp are, nonetheless, inhibitory to lignocellulose biodegradation (Benner et al. 1985) . Those results, together with the present data, suggest that acidification of wetlands and other aquatic systems, whether naturally or anthropogenically induced, may increase the relative proportion of fungi but will decrease the overall rates of lignocellulose transformations.
The relative contributions of bacteria and fungi to the degradation of lignocellulosic detritus affect the structure of detritus-based food webs (e.g. by differential selection for bacteriovorous or fungivorous animals) and are important in characterization of the role of microorganisms in the trophodynamics of these food webs. Our results indicate that bacteria are the predominant mediators of the degradation of lignocellulosic detritus in many-systems in which such detritus is a substantial indirect source of carbon and energy for aquatic animals. The predominance of bacteria in the degradation of this detritus thus suggests that carbon and energy from the via imals terial occurs primarily biomass.
the transfer of detritus to angrazing of bac-
